Hematopoietic stem and progenitor cells (HSPCs) egress from bone marrow during homeostasis and at increased rates during stress; however, the mechanisms regulating their trafficking remain incompletely understood. Here we describe a novel role for lipid receptor, sphingosine-1-phosphate receptor 3 (S1PR3), in HSPC residence within the bone marrow niche. HSPCs expressed increased levels of S1PR3 compared to differentiated bone marrow cells. Pharmacological antagonism or knockout of S1PR3 mobilized HSPCs into blood circulation, suggesting that S1PR3 influences niche localization. S1PR3 antagonism suppressed bone marrow and plasma SDF-1, enabling HSPCs to migrate towards S1P-rich plasma. Mobilization synergized with AMD3100-mediated antagonism of CXCR4, which tethers HSPCs in the niche, and recovered homing deficits of AMD3100-treated grafts. S1PR3 antagonism combined with AMD3100 improved re-engraftment and survival in lethally irradiated recipients. Our studies indicate that S1PR3 and CXCR4 signaling cooperate to maintain HSPCs within the niche under homeostasis. These results highlight an important role for S1PR3 in HSPC niche occupancy and trafficking that can be harnessed for both rapid clinical stem cell mobilization and re-engraftment strategies, as well as the opportunity to design novel therapeutics for control of recruitment, homing, and localization through bioactive lipid signaling.
Introduction
Hematopoietic stem and progenitor cells (HSPCs) are multipotent cells responsible for production of all blood lineages. HSPCs reside in specialized bone marrow (BM) niches; however, they are also able to traffic to blood and extramedullary sites when given appropriate cues. Dynamic control of HSPC localization is mediated through chemokines, cytokines, cell-cell, and -matrix interactions [1] [2] [3] [4] [5] [6] [7] [8] . These trafficking control mechanisms can be utilized therapeutically to promote egress of HSPCs into blood, where the cells can be collected for transplantation into patients undergoing irradiation or chemotherapy. Peripheral blood HSPC grafts provide significant advantages over BM grafts, including superior re-engraftment with reduced hospital time, cost, and donor discomfort [9, 10] . Standard clinical mobilizing agents granulocyte-colony stimulating factor (G-CSF) and AMD3100 are successful in many patients, however these therapies are not universally effective and have limitations. G-CSF takes days to mobilize sufficient cell numbers for transplantation and causes significant complications under certain disease states such as sickle cell disease [11] . AMD3100 is a CXCR4 antagonist that blocks the interaction of CXCR4 with its ligand stromal-derived factor-1α (SDF-1), which plays a critical role in tethering HSPCs within the BM niche. AMD3100 induces rapid egress of HSPCs into blood, but impairs the cells' ability to return to the niche since CXCR4 is necessary for homing and re-engraftment [12] [13] [14] . A deeper understanding of the innate mechanisms of HSPC niche occupancy, trafficking, and homing is critical to improve therapies for HSPC mobilization and re-engraftment post-transplantation.
Bioactive lipids, including sphingosine-1-phosphate (S1P), have emerged as additional endogenous control points in HSPC trafficking [15] [16] [17] [18] . S1P is a chemoattractant for many immune cells, including HSPCs, and is maintained as a steep gradient between blood and BM [18] . High plasma S1P (around 1μM) sets up an antiparallel gradient with respect to high BM SDF-1 produced by stromal cells, which under steady state conditions localizes HSPCs within the SDF-1-rich BM [1, 19] . Loss of S1P gradients by inhibition of the S1P-degrading enzyme, S1P lyase, results in HSPC sequestration in the BM, suggesting the S1P gradient is necessary for HSPCs to leave the BM and enter peripheral blood. Plasma S1P is elevated during inflammation and in response to G-CSF and AMD3100 treatment, shifting the SDF-1/S1P gradient balance, which may be an important endogenous signal for trafficking of HSPCs and other immune cells [7, 15, 17, 20] . S1P is a ligand for five G-protein coupled receptors (GPCR), S1PR1-5, regulating processes including migration, matrix adhesion, and cell-cell contact, among other functions [21] . HSPCs express at least S1PR1-4 [8] and previous reports establish a role for S1PR1 in their trafficking to blood [15, 17] ; however, the role of other S1PRs in HSPCs remains unclear. Multiple lines of evidence support the existence of cross-talk and/or synergy between the S1PR family and CXCR4/SDF-1 signaling axis. AMD3100-induced mobilization is abrogated in sphingosine kinase 1 (SPHK1) knockout mice, which have a substantially reduced plasma S1P concentration [15, 17, 22] . Agonism of S1PR1 by the selective small molecule SEW2871 boosts AMD3100-mediated mobilization but has no effect as a single agent, while functional antagonism of S1PR1 with FTY720 sequesters HSPCs in BM [15, 17] . While S1PR3 parallels many of the activities of S1PR1, S1PR3 is coupled to distinct signaling modules and may differentially regulate cellular processes. Monocytes expressing high S1PR3 exhibit enhanced migration toward SDF-1 upon S1PR3 stimulation, suggesting synergy of CXCR4 and S1PR3 [23] . S1PR3 is implicated in coordinating cross-talk of CXCR4-S1PR3 through S1P-mediated transactivation of the CXCR4 receptor [23, 24] . Similarly, S1PR3 engages in cross-talk with other growth factor receptors including plateletderived growth factor receptor (PDGFR) by enhancing activation of intracellular signaling cascades such as Akt [25] . Taken together, there is significant evidence that S1PR signaling can modulate activity of cells through interaction with other receptor signaling axes, including CXCR4; however, the role of S1PR3 in HSPCs and the potential impact on CXCR4-regulated BM niche residence has not been explored.
The current study investigates the role of S1PR3 in supporting trafficking of HSPCs between BM and circulation and the relationship of S1PR3 signaling with the SDF-1/CXCR4 signaling axis. This work demonstrates that S1PR3 expression is higher in HSPCs than other BM cells types, allowing differential signaling by S1PR ligands in HSPCs compared to other cells. Acute antagonism or global knockout of S1PR3 promotes egress of HSPCs from BM to peripheral blood, which requires hematopoietic expression of S1PR3. The mobilization induced by blocking S1PR3 synergizes with CXCR4 antagonism. In contrast to CXCR4 antagonism, HSPCs mobilized via acute S1PR3 antagonism retain niche homing capacity in irradiated hosts. Synergistic antagonism of S1PR3 and CXCR4 improves homing, engraftment, and survival in irradiated hosts, indicating that CXCR4-dependent inhibition of HSPC homing and re-engraftment by AMD3100 can be functionally recovered through S1P signals. Further elucidation of lipid-based mechanisms of trafficking of HSPCs will allow the fine-tuning of strategies for directed control of the localization of endogenous stem cell populations.
Materials and Methods

Mice and in vivo assays
Animal studies were approved by the Institutional Animal Care and Use Committees at Georgia Institute of Technology or University of Virginia. C57BL/6J wildtype (WT), B6.SJL-Ptprc a Pepc b /BoyJ (CD45.1) (Jackson Laboratories) or S1PR3 knockout (KO) (MMRRC) mice were used for all studies (male, 8-12wks). Mobilization agents or vehicle were injected i.p. in PBS with 3% fatty acid free-BSA (FAF-BSA) or 2% hydoxypropyl-β-cyclodextrin at 5mg/kg. (VPC01091, Kevin Lynch, University of Virginia or Avanti Polar Lipids). G-CSF (125 μg/kg, s.c., Biolegend) was injected twice daily with analysis 3h after final injection. For chimera creation, mice were irradiated with 10.5 Gy (5.5-Gy/5-Gy doses, 3h apart) immediately prior to cell transplantation. Animals received sulfonamide or Baytril. Chimeras for mobilization ( Figure 5 ) were created by injection of 8×10 6 hematopoietic cells per animal by jugular vein after lethal irradiation; animals were allowed 10 weeks to stabilize prior to mobilization. In acute homing assay: 3×10 6 CD45.1 BM cells were pretreated with vehicle, 100nM VPC01091, 5μg/mL AMD3100, or both VPC01091+AMD3100. Drug-treated CD45.1 cells and competitive graft (1×10 6 untreated BM CD45.2 cells) were injected by jugular vein. In long-term engraftment studies, graft was comprised of blood-derived mononuclear cells from a fixed volume of donor blood after mobilization supplemented with 1×10 6 untreated BM CD45.1 cells. For graft threshold experiment ( Figure 7E-F) , supplemental graft was reduced to 1×10 4 BM cells.
Flow cytometry
Sample preparation was conducted as previously described using a BD FACSAriaIII and analyzed with FlowJo software [26] .
Real-time PCR
Total RNA was isolated using RNeasy Mini or Micro Kit (Qiagen), reverse transcription by high-capacity cDNA kit (Applied Biosystems) with random primers, quantitative PCR was performed using SYBR Green Master Mix. Data normalized to GAPDH and quantified by the 2 −ΔΔCT method. Primers: S1PR1: F: GGTGTAGACCCAGAGTCCT, R: GGTGTAGACCCAGAGTCCT; S1PR3: F: TCAACACTCTTCCCGCAGTC, R: CCCGGAGAGTGTCAT TTCCC; GAPDH: F: ACCACAGTCCATGCCATCAC, R: TCCACCACCCTGTTGCTGTA; SDF-1: F: CACAGTTTGGAGTGTTGAGGA, R: CGCTCTGCATCAGTGACG; SPHK1: F: GATCCCTTGGAGTCGGTGTC, R: TCTTATCGGTGTTGCCCAGG.
Colony-forming assay
Peripheral blood or sorted cells were plated in Methocult™ GF-M3434 (Stemcell Technologies). Samples were plated in triplicate and colonies were counted 6 or 12d after plating.
Migration assays
WBM cells or sorted BM LSK were placed in a 5μm porous membrane Boyden transwell chamber (96-well format, 0.5-1×10 5 cells; 24-well format, 2-5×10 5 cells) containing IMDM + 0.5% FAF-BSA with or without a competing murine SDF-1α signal (Peprotech) and migrated for 2-4h toward vehicle, S1P, SDF-1α, or mouse plasma. In Figure 2C , no chemotactic agent was added to the bottom of the transwell chamber to allow observation of spontaneous migration in either media (Control) or VPC01091-treated conditions.
Plasma charcoal stripping
Activated charcoal (4g/L) was incubated with plasma with rotation, 4°C overnight. Charcoal was pelleted by centrifugation 1000×g 10min and supernatant was sterile filtered. Charcoalstripped plasma was stored at −80°C until use.
Adhesion assays
WBM was enriched for HSPCs using EasySep™ Mouse Hematopoietic Progenitor Cell Enrichment Kit (Stemcell Technologies) as described by the manufacturer. Adhesion assay was adapted from [27] . Fibronectin-coated plates (10μg/mL) were blocked 1h with 5% FAF-BSA/PBS. HSPCs were plated into the coated 96-well plate with vehicle or VPC01091. Cells were centrifuged to the bottom of the plate for 15s and allowed to adhere at 37°C for either 2 or 30 min. Non-adherent cells were removed by three gentle PBS washes and stained with DRAQ5 (1:5000) prior to imaging by Licor Odyssey. Relative cell adhesion was quantified by relative total fluorescence intensity.
SDF-1 and sphingolipid analysis
For plasma analysis blood was centrifuged 10min, 1000×g; supernatant was spun at 1000×g, 10min and then stored at −80°C. Sphingolipid extraction and quantification were performed as previously described [20, 28] . Measurement of SDF-1 was performed using the Mouse SDF-1alpha Quantikine ELISA Kit (R&D Systems) as described by the manufacturer, which detects amino acids 22-89 of SDF-1. BM protein was collected by suspending BM cells in PBS (50μL), centrifuging, and collecting the supernatant. Protease inhibitors were added and protein was stored at −80°C until analysis.
OP9 stromal cell culture and staining
OP9 cells were cultured in 0.5% Puramatrix (BD Biosciences) as previously described [29] . Cells were fixed, permeabilized, blocked and incubated with anti-mouse SDF-1α (R&D Systems). Fluorescent secondary antibody was used for visualization with DAPI and fluorescently tagged phalloidan (Life Technologies) to visualize nuclei and filamentous actin.
Intracellular signaling assays
BM cells were isolated from WT or S1PR3 KO animals. Cells were serum starved in IMDM at 37°C for 3hrs and then treated for 15 mins with 200nM SDF-1α (Peprotech) or vehicle in serum-free IMDM. Cells were pelleted and processed according to manufacturer's protocol for PathScan RTK Signaling Antibody Array Kit (Cell Signaling Technology). Slide arrays were imaged and quantified on Licor Odessey. Signal intensity was normalized to WT control and presented as fold change. Data is from two independent experiments run in duplicate. For ERK1/2 analysis, LSK cells were sorted by FACS and treated with 100 nM VPC01091 or vehicle control. At the indicated time points, cells were fixed and analyzed using PhosphoPlus® p44/42 MAPK In-Cell Duet (Cell Signaling) as described by the manufacturer.
Statistical analysis
Data are presented as mean ± standard error. Multiple comparisons were performed by oneor two-way ANOVA followed by Dunnett or Sidak post-tests to compare means, or KruskalWallis test for non-parametric comparisons. Two-group comparisons used unpaired, 2-sided t-test. Survival analysis by log-rank (Mantel-Cox) test with a chi square distribution. All statistical analysis used GraphPad-Prism software; p<0.05 was considered significant.
Results
S1PRs are differentially expressed within the BM niche
To gain insight into how S1PR signals play a role within the HSPC niche, we performed analysis of mRNA in sorted BM populations ( Figure 1A -B). Differential expression of S1pr1 and 3 was observed, suggesting distinct roles for S1P signaling within different BM populations. S1pr1 expression was similar among lineage-committed (Lin + ), non-lineagecommitted (Lin neg ) cells, and HSPCs (Lin neg Sca-1 + c-Kit + (LSK)); however, mesenchymal stromal cells (MSCs) (CD29 + CD44 + CD90 + Sca-1 + ) expressed significantly higher levels of S1pr1 mRNA ( Figure 1A ). Interestingly, S1pr3 mRNA is nearly 2.5-fold higher in the LSK population than Lin + , Lin neg , or MSCs ( Figure 1B ). Surface expression of S1PR3 assessed by flow cytometry was higher on LSK cells compared to whole bone marrow (WBM) or Lin + cells ( Figure 1C-D) . To test whether S1PR3 expression is a hallmark of hematopoietic progenitors, BM cells were sorted based on their S1PR3 expresssion level and plated into an in vitro colony forming unit (CFU) assay. S1PR3 + sorted BM cells had higher CFU activity than S1PR3 neg/low cells, indicating the presence of more progenitors within the S1PR3 + fraction ( Figure 1E ). S1PR3 expression level on sorted cells was validated by western blotting ( Figure S1 ). Distinct S1P receptor expression profiles may allow constituents of the BM niche to tailor unique, cell-type specific responses to S1P; therefore, higher expression of S1PR3 on HSPCs could play an important role in regulating progenitor cell activity, including niche residence and migration.
HSPCs functionally respond to S1PR ligands
Although HSPCs express many chemotactic receptors, they are selective in the signals to which they functionally respond [30] . S1PRs regulate a number of cellular functions, including migration and adhesion [31, 32] . Sorted HSPCs migrate in a dose-dependent manner towards S1P in vitro, indicating that HSPCs detect and initiate chemotaxis toward S1P gradients (Figure 2A) , consistent with previous reports [18] . VPC01091, a selective S1PR3 antagonist [33] , rapidly decreases the ability of Lin neg -enriched cells to adhere to fibronectin, suggesting the S1PR axis is important for acute regulation of cell-matrix interactions ( Figure 2B ). Further, VPC01091 enhanced general motility of BM cells without chemoattractant ( Figure 2C ), indicating that S1PR3 signaling may regulate hematopoietic cell motility. S1PR3 signaling is coupled to G-α i and can signal through ERK activation [34] . Antagonism of S1PR3 in LSK cells decreases p-ERK relative to total ERK, suggesting that these progenitors have basal S1PR3-mediated downstream signaling that can be pharmacologically modulated ( Figure 2D ).
Antagonism of S1PR3 stimulates acute trafficking of HSPCs
Given the differential expression of S1PR3 on HSPCs, the current study sought to investigate whether S1PR3 plays a role in regulating egress of HSPCs out of the BM niche. Animals were treated with the S1PR3 antagonist VPC01091, to transiently block S1PR3 signaling [33] . VPC01091 treatment induced a 2-fold increase in circulating number of HSPCs (identified as LSK) within 1.5hrs ( Figure 3A-B) , indicating that acute interference with S1PR3 signaling liberates HSPCs into circulation. The selective CXCR4 antagonist AMD3100, a clinical mobilizing agent, similarly induces increased circulation of HSPCs within 1h of treatment. To test the interplay of S1PR3 with CXCR4 signaling in HSPC mobilization, we pre-treated animals with VPC01091 and then delivered AMD3100 or vehicle control. S1PR3 antagonism enhanced AMD3100-mediated mobilization ( Figure  3A ), suggesting that S1PR3 may play a role in maintaining HSPC niche residence. Mobilized HSPCs demonstrated functional ability to form colonies in a CFU assay ( Figure  3C ). In support of the role of S1PR3 in maintaining HSPCs in the niche, genetic knockout of S1PR3 leads to higher homeostatic circulation of HSPCs and enhanced mobilization in response AMD3100 ( Figure 3D ). VPC01091 mobilization was transient, returning to baseline by 24h ( Figure 3E ), and produced an equivalent increase in circulating LSK cells in 1.5h as G-CSF administration for 2d (the earliest timepoint of HSPC mobilization in a G-CSF regimen [35] ), indicating that selective modulation of S1PR signaling provides a rapid strategy for HSPC mobilization ( Figure 3F ).
Previous reports have suggested that SDF-1/CXCR4-stimulated activity of Akt in HSPCs is critical to their ability to adhere to the BM stromal compartment and depression of Akt signaling promotes migratory behavior of HSPCs [36] . S1PR3 is also required for the activation of Akt [25] . While SDF-1 increases p-Akt (Ser473) in WT BM cells in vitro, loss of S1PR3 in KO cells leads to a decrease in SDF-1-stimulated Akt phosphorylation ( Figure  3G ). These data suggest that the S1PR3 axis interacts with the SDF-1/CXCR4 axis through potentiation of common intracellular signaling cascades to promote adhesion to the BM niche [36] . Consistent with this finding, antagonism of S1PR3 reduced the ability of HSPCs to adhere to fibronectin matrix ( Figure 2B ) and increased motility ( Figure 2C ).
To further investigate the relative roles of S1PR1 and 3 in acute mobilization, additional pharmacological agents were tested for mobilization activity ( Figure S2A ). VPC01091 is a weak partial agonist at S1PR1, meaning it has a similar EC50 to the native ligand S1P; however, it has less than half the efficacy of recruiting membrane bound GTP making it classified as a weak partial agonist [33] . SEW2871, a full agonist of S1PR1 [37] , did not induce mobilization ( Figure S2B ). SEW2871 has been previously shown to enhance mobilization when combined with CXCR4 antagonism, however S1PR1 agonism alone is not sufficient for egress [17] . The S1PR1 functional antagonist FTY720 and S1PR1 antagonist W146 did not enhance circulating LSK cells after 1.5h ( Figure S2B ) [15] . S1PR3 antagonism also altered acute trafficking of lymphocytes and neutrophils that was not observed with S1PR1 agonism alone, suggesting distinct effects of each receptor on hematopoietic cell populations ( Figure S2C ). Taken together, although VPC01091 has weak activity at S1PR1, when considered with the evidence from the S1PR3 genetic KO and the lack of mobilization with SEW2871, our data support a role for S1PR3 in negatively regulating egress of HSPCs from the niche.
SDF-1 regulates S1P-mediated chemotaxis of HSPCs
In addition to cell-intrinsic signaling, shifting chemotactic gradients between the BM and blood are implicated in controlling trafficking of HSPCs during stress and in response to mobilizing agents [15, 17, 18] . Sorted BM LSK cells exhibited enhanced migration toward plasma from VPC01091-treated animals in vitro compared to control plasma ( Figure 4A ).
Plasma lipid removal by charcoal stripping abrogated this effect, indicating that lipid species in part mediate the increased chemotactic potential of plasma ( Figure 4A ). Plasma S1P and sphingosine concentrations did not significantly change ( Figure 4B-C) . S1P was undetectable in BM extracellular fluid, and BM Sphk1 mRNA did not change ( Figure S3A ).
Given that no changes in S1P were observed, we hypothesized that S1PR3 signaling may alter SDF-1 plasma levels, which provides a competing signal to S1P. Total plasma SDF-1 decreased transiently and normalized by 24h with VPC01091 treatment (Figure 4D ), which negatively correlates with HSPC mobilization (Figure 3E ). Endothelial cells treated with VPC01091 reduced secretion of SDF-1 over 1.5h in vitro ( Figure 4E ). VPC01091 also decreased total extracellular SDF-1 in BM ( Figure 4F ) but did not change Sdf1 mRNA expression or SDF-1 intracellular protein levels ( Figure S3B-C) . VPC01091 also decreased SDF-1 secretion in vitro from OP9 murine BM stromal cell line ( Figure 4G ) [29] .
Conversely, FTY720 (S1PR3 agonist, S1PR1 functional antagonist) increased secretion of SDF-1 by OP9 BM stromal cells ( Figure S3D-E) , further supporting the hypothesis that S1PR signaling modulates SDF-1 secretion. To examine how anti-parallel gradients of SDF-1 and S1P affect BM cell migration, we developed an in vitro competitive gradient migration assay ( Figure 4H ). The presence of SDF-1 (L-SDF: 1.25nM, H-SDF: 12.5 nM) in the top of the Boyden chamber abrogated migration of BM cells toward S1P (1μM) ( Figure  4H ), further indicating that SDF-1 and S1P gradients compete for BM cell attraction. Taken together, these results support the hypothesis that VPC01091 reduces systemic SDF-1 levels, enabling lipid-mediated entrance of HSPCs into circulation.
S1PR3 on HSPCs is critical for mobilization
To explore the relative contribution of S1PR3 signaling on HSPCs versus S1PR3 in the niche environment, we generated irradiation chimeras of CD45.1+ mice transplanted with donor hematopoietic cells from WT or S1PR3 KO mice ( Figure 5A ). Donor cells were tracked by the CD45.2 allele. Since MSCs are irradiation resistant at doses that induce HSC apoptosis [38] , the WT BM microenvironment can be maintained during total body irradiation [39] . S1PR3 KO chimeras showed an increased trend in circulating HSPCs after 10 weeks, suggesting that loss of hematopoietic S1PR3 promotes enhanced HSPC circulation (p=0.07). VPC01091-induced mobilization in the WT chimera but not in the KO chimera ( Figure 5B ), suggesting that S1PR3 on hematopoietic cells is necessary for mobilization of HSPCs. While not significant, the KO chimeras displayed a trend of increased circulating LSK cells in response to VPC01091 (p=0.33) supporting the notion that both niche and HSPC-intrinsic S1PR3 signaling may contribute to robust mobilization.
Acute S1PR3 antagonism maintains the homing potential of HSPCs
Acute homing of HSPCs to the BM niche is necessary for survival and long-term reengraftment and can be significantly impaired by treatment with clinically-used mobilization therapies [13] . To investigate the homing capacity of cells exposed to VPC01091, we treated CD45.1+ WBM grafts ex vivo with VPC01091, AMD3100, or VPC01091+AMD3100. The pre-treated grafts (CD45.1) and an untreated competitive graft of CD45.2 WT BM (3×10 6 cells:1×10 6 cells, respectively) were transplanted immediately after lethal irradiation and acute BM homing was assessed 24h later ( Figure 6A ). AMD3100-treated LSK cells had reduced homing capacity, while VPC01091 grafts displayed no deficits in acute homing ( Figure 6B ). Further, VPC01091 pre-treatment with AMD3100 rescued the homing capacity of AMD3100-treated cells, however the mechanism is unclear.
In mobilized blood, there were more CXCR4+ HSPCs in circulation 1.5h after VPC01091 treatment compared to control (Figure 6C, D) . CXCR4 expression on mobilized HSPCs may enable cells to return to the BM after transplantation, as SDF-1 is an important HSPC homing signal and is upregulated in irradiated BM [40] . These data indicate that S1PR3 antagonism enables HSPC egress from the BM without impairment of homing to SDF-1-rich domains compared to AMD3100-treated HSPCs.
S1PR signaling enhances early engraftment of AMD3100 HSPC grafts
To examine the re-engraftment potential of cells mobilized by S1PR3 antagonism, CD45.2 mice were mobilized with either AMD3100, VPC01091, or VPC01091+AMD3100. An equal volume of peripheral blood was collected and cells were supplemented with a competitive BM graft (1×10 6 CD45.1 cells) prior to transplantion into lethally irradiated CD45.1 mice ( Figure 7A ). Blood was assayed at 6, 12, and 16wks for the presence of CD45.2 + cells derived from the mobilized graft. At the early timepoint of 6 weeks, donor chimerism parallels the mobilization response observed in immunophenotyping and CFU assays ( Figure 7B , 3A-C), suggesting that mobilized HSPCs re-engraft in the irradiated host and give rise to progeny in vivo. At longer timepoints, the AMD3100-treated groups maintained peripheral repopulation, however the VPC01091-mobilized graft did not ( Figure  7C-D) . To determine whether the addition of VPC01091 to AMD3100 therapy enhanced overall engraftment and survival of HSPC grafts, an additional chimerism experiment was conducted where the supplemental BM graft was selected below a threshold of cells required for graft success [41] . At 8wks, more donor cells were found in the blood of VPC01091+AMD3100-grafted animals compared to AMD3100, supporting the S1PR3 and CXCR4 synergy ( Figure 7E ). VPC01091+AMD3100 grafts supported higher survival rate than AMD3100, suggesting that adjunct VPC01091 therapy mobilizes enough additional HSPCs for successful short-term repopulation of the hematopoietic system, particularly enhancing early survival and repopulation capacity ( Figure 7E-F) . These findings suggest that antagonism of the S1PR3 and CXCR4 signaling axes coordinates to rapidly mobilizes stem and progenitor cell population and therefore both receptor signals are important for HSPC niche maintenance.
Discussion
Lipid-based signaling mechanisms controlling the trafficking of HSPCs remain incompletely understood. The current study finds that activity of S1PR3 plays a role in determining HSPC niche occupancy or egress, suggesting that S1PR3 works opposite S1PR1 and in synergy with CXCR4 in controlling stem and progenitor cell localization. Antagonism of S1PR3 signaling affects both HSPC cell-intrinsic signaling and niche cues to contribute to mobilization. These results present an additional level of control in the complex signaling modules governing HSPC trafficking and identify sphingolipids and their receptors, particularly S1PR3, as important regulators of HSPC localization.
Despite the low interstitial BM concentration of S1P, the majority of BM cells express S1PRs. Relative S1PR expression profiles contribute to the spectrum of cellular responses to S1P. For example, expression of S1PR1 and S1PR2 in hematopoietic osteoclast precursors counterbalances positive and negative migratory response to S1P gradients [42] . HSPCs express nearly 2.5-fold more S1pr3 mRNA than other BM-derived cells ( Figure 1B) . In subpopulations of human HSPCs, more primitive CD34 + /CD38 − cells express S1PR3, but is undetectable in CD34 + /CD38 + HSPCs [43] . Prior literature reports that S1P has a higher binding affinity for S1PR3 than S1PR1, therefore S1PR3 signaling may dominate in HSPCs in the BM where S1P levels are low [44] . The prevalence of S1PR3 on HSPCs relative to other BM cells provides a unique S1P signaling signature and a novel target to selectively influence their trafficking.
GPCR modular signaling complexity underlies the receptor-specific response to S1P ligands. S1PR1 and 3 couple to G-α i , stimulating Rac, actin stress fiber formation, focal adhesions, integrin clustering, and ERK activation [31] . In addition to G-α i , S1PR3 also couples to G-α 12/13 , and G-α q . S1PR3 is implicated in Akt and MAP kinase signaling pathways including ERK1/2 [25, 45] . These signaling pathways contribute to adhesion of HSPCs to niche matrix and stromal cells. VPC01091 decreased adhesion and increased cell motility and chemotaxis in vitro (Figure 2) . ERK activation can stimulate activity of SPHK1, thus causing a feedforward autocrine loop by production of S1P ligand [46] , thereby explaining the homeostatic ERK activity that is reduced by VPC01091 ( Figure 2D ). VPC01091 is a robust antagonist at S1PR3 and a weak partial agonist of S1PR1 with a much lower efficacy than S1P [33] . S1PR3 genetic KO phenocopies the mobilization of HSPCs observed with VPC01091 ( Figure 3D ), suggesting that S1PR3 rather than S1PR1 is a critical signal in niche localization of HSPCs. In mixed chimeras with S1PR3 KO hematopoietic cells and WT niche environment, S1PR3 cells were found at higher circulating rates at baseline compared to WT (p=0.07) ( Figure 5B), suggesting this effect is partially cell-intrinsic. S1PR3 blockade may also sensitize cells to S1PR1-dominated responses such as migration and egress out of the BM. Hematopoietic conditional knockout or functional antagonism of S1PR1 reduces the effect of both G-CSF-and AMD3100-mediated mobilization [15, 17] . Despite a clear role for S1PR1 in HSPC egress, SEW2871 alone is insufficient to mobilize HSPCs ( Figure  S2B ), likely due to competition with dominating niche retention signals through S1PR3 and CXCR4. Upon disruption of the CXCR4-SDF-1 tethering signal with AMD3100, SEW2871 can successfully mobilize [17] , indicating the S1PR1 axis promotes BM egress ( Figure S4 ). Consequently, HSPCs likely integrate distinct signals from S1PR1, S1PR3, and CXCR4 to make decisions about migration from the niche.
Previously, we have shown that S1PR3 agonism enhances chemotaxis toward SDF-1 in monocytes expressing high S1PR3 and the effect is absent in S1PR3 KO monocytes, suggesting S1PR3 enhances CXCR4-mediated activity [23] . S1PR3 in BM cells regulates CXCR4-mediated Akt phosphorylation ( Figure 3G, S4) , which is critical for adhesion to BM stromal cells [36] , suggesting that S1PR3 tunes CXCR4-mediated responses. Mechanisms for such intracellular cross-talk are complex, however, may occur through receptor transactivation [24, 25] . In endothelial progenitor cells, S1P transactivates CXCR4 by Src-mediated tyrosine phosphorylation in an S1PR3-dependent manner [24] . Additionally, S1PR3 transactivates PDGFR to contribute to synergistic Akt activation [25] . Both S1PR3 and CXCR4 have been found in lipid raft fractions [47, 48] ; therefore, it is possible that cross-talk between these receptors [24] occurs in lipid raft microdomains. For optimal SDF-1 signaling, CXCR4 must be localized to lipid rafts [49] . Disruption of lipid raft formation in human peripheral blood CD34+ cells impairs SDF-1-mediated migration [47] . Homeostatically, S1PR3 may sensitize HSPCs to SDF-1 by amplifying intracellular signals, while antagonism of S1PR3 transiently reduces HSPC sensitivity to SDF-1 gradients ( Figure S4 ). Since S1PR3 antagonism only reduces rather than completely blocks CXCR4 sensitivity, the combined use of both VPC01091 and AMD3100 releases more HSPCs than either agent alone.
The lipid-chemokine balance between the niche and blood are crucial for migration. S1P is a major chemoattractant in the plasma that migration of hematopoietic lineage cells between BM, lymphoid organs, and blood depends on [15, 17, 22] . S1P may also be an endogenous mobilization signal during stress, as plasma S1P is elevated during acute inflammatory responses [20] and BM S1P increases following total body irradiation [50] . No change in S1P or sphingosine was detected in plasma 1.5h after VPC01091 administration ( Figure 4B-C) ; however, lipid removal decreased the chemotactic potential of the plasma, suggesting that lipid species are a central chemotactic factor in VPC01091-mediated BM egress, likely through S1PR1 ( Figure 4A ). Additional lipid species may also play a role, as ceramide-1-phosphate has been shown to stimulate chemotaxis of HSPCs and other progenitor cells [51] . Our data suggest that lipids are necessary for HSPC chemotaxis toward plasma, but not a sustained change in S1P concentration. S1PRs regulate the production and secretion of cytokines and growth factors, including SDF-1 from BM niche cells [15, 23] . S1PR3 antagonism caused a decrease in BM SDF-1 protein secretion and in vitro OP9 MSC secretion (Figure 4, S3) . Therefore, S1PR signaling may alter HSPC trafficking in part through modulating local SDF-1 production. BM cells failed to migrate towards S1P in the presence of a large competing SDF-1 gradient; however, reduction of SDF-1 enabled S1P-mediated migration ( Figure 4H ). Taken together, VPC01091 reduces the SDF-1 gradient between blood and BM (Figure 4, S3) , enabling HSPCs to enter peripheral blood in a lipiddependent manner.
Antagonism of CXCR4 poses a challenge for HSPCs returning to the niche due to its role in homing [52] . G-CSF+AMD3100 grafts fail to engraft with the same efficiency as G-CSFmobilized cells alone, suggesting that AMD3100 impairs engraftment [13] . In our study, ex vivo CXCR4 antagonism reduced the ability of HSPCs to acutely home to irradiated BM in 24hrs, while homing was rescued by pre-treatment with VPC01091 ( Figure 6C ). Since BM SDF-1 and S1P are both elevated after irradiation, the increase in homing may reflect enhanced SDF-1 or S1P sensitivity in ex vivo treated cells [15, 50] . In mobilization studies, VPC01091 increased circulating CXCR4-expressing HSPCs, which could reflect egress of a CXCR4-hi population of LSK cells. Neutrophils dynamically up-regulate CXCR4 expression with time once they enter circulation in order to facilitate their return to the BM [53] . Moreover, HSPCs in circulation have higher surface expression of CXCR4 compared to BM resident HSPCs [54] . We cannot exclude the possibility that in VPC01091-treated animals, the HSPCs have been in circulation longer than HSPCs in control animals due to the transient loss of niche retention signals and therefore have increased expression of CXCR4.
Following transplantation into lethally irradiated mice, VPC01091-mobilized grafts enhanced short-term hematopoietic reconstitution, but were unable to support long-term repopulation ( Figure 7B ). Short-term HSPCs and more differentiated progenitors can become highly proliferative and perform emergency myelopoiesis during stress, either in their BM niches or in peripheral tissues [2, 8, 55] . While long-term HSPCs are both required and sufficient for permanent hematopoietic reconstitution, short-term HSPC populations may enable rapid reconstitution of myeloerythroid lineages and prevent the life-threatening cytopenia induced by myeloablation [56, 57] . Our studies suggest that combined S1PR3 and CXCR4 antagonism produced mobilized cell grafts that better facilitated early survival of irradiated hosts when the supplemental graft is near a limiting dose for survival ( Figure 7E -F).
Understanding cues that regulate the physiological niche has broad implications for novel therapies. The gold standard for clinical isolation of blood-derived HSPCs for transplantation is G-CSF, yet it takes days to collect enough cells, is associated with bone pain, spleen enlargement, and increased risk of thrombosis, and is not successful in all patients [9] . VPC01091 mobilization rapidly increases the frequency of circulating progenitors (Figure 3) , reduces graft lymphocyte content ( Figure S2C ) [33] , is not associated with systemic inflammation (Figure S2C ), and synergy with CXCR4 signaling provides opportunities to fine tune mobilization strategies. Control of niche occupancy may also be important for targeting pathological niche environments that protect malignant leukemic cells from irradiation and chemotherapy [59, 60] . In addition, evidence is mounting for HSPC roles in extramedullary sites, including homeostatic immunosurveillance, localized hematopoiesis at sites of injury, and potential contribution to regenerative processes [2, 8] . Regenerative medicine therapies that leverage mobilized or transplanted hematopoietic progenitors for extramedullary myelopoiesis are a promising strategy to complement conventional mechanisms of myeloid cell recruitment for repair of damaged tissues [2, 58] . Elucidation of endogenous mechanisms of stem cell migration presents opportunities to design novel therapeutics for control of recruitment, homing, and localization through S1P signaling.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Mobilized cell grafts were generated from peripheral blood of CD45.2 mice and combined with a competitive BM graft from CD45.1 mice. Chimeras were generated by transplanting grafts after lethal irradiation of CD45.1 hosts. (B-D) Peripheral blood was analyzed for chimerism at 6, 12, and 16 weeks using the CD45.2 allele (n= 4-6 animals) (E) Chimeras were generated using a supplemental graft of 10,000 BM cells to be at a threshold of successful graft to test the early graft survival advantage of VPC01091+AMD3100.
